Genetic studies on the populations of Austropotamobius pallipes complex from Alessandria province (N-Italy), conducted on the basis of variations recorded in the sequences of mitochondrial DNA in the gene 16S RNA, have allowed to single out an overlapping zone of the distribution areas of the two taxa pallipes and italicus. In the crayfishes from a creek where both species have been ascertained to be present, the authors have applied the same molecular marker in order to investigate the distribution of the two taxa, stressing the syntopy of A. pallipes and A. italicus. Multivariate statistical techniques on 21 morphological parameters have been used in order to single out possible distinctive features of 31 crayfishes collected in this site, and of 225 crayfishes obtained from four sites in neighbouring areas. The results confirm the presence of a high morphological variability, not only at interspecific, but also at intraspecific level, which does not allow to distinguish the two species on the basis of the features measured in the present study.
INTRODUCTION
The current taxonomic position of white-clawed crayfish, based on morphological (BOTT, 1950 (BOTT, , 1972 KARAMAN, 1962; BRODSKY, 1983) and allozymatic studies SANTUCCI et al., 1997) and confirmed by 16S mtDNA (GRANDJEAN et al., 2000; GRANDJEAN, BOUCHON and SOUTY-GROSSET, 2002) , shows Austropotamobius pallipes as a species complex, with two genetically well recognizable species, A. pallipes and A. italicus. On the contrary, the taxonomy based on morphological criteria (BOTT, 1950 (BOTT, , 1972 KARAMAN, 1962; LAURENT and SUSCILLON, 1962) seems difficult and moot because morphological characters are often changeable both among individuals of the same population and among different populations within species (ALBRECHT, 1982; ATTARD and VIANET, 1985; GRANDJEAN et al., 1997a; LÖRTSCHER et al., 1997) . Recently, genetic studies have revealed the presence of the two species in NW Italy and an overlapping area in the province of Alessandria, where pallipes and italicus appear to be sympatric in at least two of the brooks examined (NEGRI et al., 2003; ZACCARA et al., 2004) .
Our research focussed on the genetic investigation on the crayfish populations from the province of Alessandria and, in particular, on the syntopic populations living in the Lagoscuro Brook, in order to verify their actual syntopy, to define their distribution along the watercourse, and to be able to discriminate the two species in the field on the basis of some morphometric features.
MATERIALS AND METHODS
In the province of Alessandria (NW Italy) a total of 145 specimens of A. pallipes complex were collected from 25 Po River affluents. In order to verify the syntopy, 47 of these crayfishes were sampled in three distinct stretches (each one about 100 m long) picked out in the terminal part (about 500 m long) of the Lagoscuro Brook: between 14 and 18 crayfishes of both sexes were collected by hand in night time for each stretch. For the subsequent morphometric analyses, the populations from the Lemme Torrent and Angiassi Brook have been genetically checked in the present study, analysing 16 specimens for each of the two watercourses; the species identity of the populations from Schizzola Torrent and Reponte Brook was already known in the literature (ZACCARA et al., 2004) . A claw or a pereopod was taken from each individual and was immediately put in a vial containing absolute ethanol and stored at -80°C for DNA isolation.
Genetic analyses

DNA isolation and amplification
Total genomic DNA was isolated from muscle tissue using NucleoSpin Tissue kit (Macherey-Nagel). The DNA were eluted in a buffer supplied by the kit and stored at -20°C. A 520 bp fragment of the mt16S DNA gene was amplified using primers 16Sar-L (5'-CGC CTG TTT ATC AAA AAC AT-3') and 16Sbr-H (5'-CCG GTC TGA ACT CAG ATC ACG T-3') (PALUMBI et al., 1991) . Polymerase chain reaction was carried out using a programmable thermal cycler (PCR Express-Hybaid). PCR reaction was performed in a final volume of 25 µl: 1 µl DNA, 0.5 µl of each primer (25 µM), 0.5 µl of DNTP mixture (0.2 µM), 1 U of Red Taq (Sigma-Aldrich), 2.5 of 10X buffer and 20 µL of MQ water. Selective amplification was carried out by PCR cycles: 30 cycles, 2 min at 95°C for one cycle, 95°C/30 s, 48°C/30 s, 72°C/30 s denaturating, annealing and extension temperatures. After the last cycle a final extension was carried out at 72°C for 5 min. PCR products were purified, using enzymatic procedure (EXO-SAP-IT buffer, USB  ). These products were sequenced using ABI PRISM 3730XL DNA Sequencer (Applied Biosystem).
Sequence analysis
The resulting sequences were aligned using Clustal X 1.81 (THOMPSON et al., 1997) . The data matrix included the 145 sequences investigated in this work and 13 sequences of A. pallipes and A. italicus obtained by FRATINI et al. (2005) and ZACCARA (2004) and deposited in GenBank used for a systematic scheme of the sampled individuals ( Figure 1 and Table I ).
The tree reconstructions were performed using the neighbour-joining (NJ) and maximum parsimony (MP) analysis implemented in PAUP (SWOFFORD, 1998) . MP analyses were performed using a heuristic search, based on branch swapping with tree bisection reconnection for identifying parsimonious-trees, summarized in a strict consensus-tree. Insertion and deletion gaps were treated as missing data. A sequence of A. torrentium downloaded from GenBank was used as outgroup in order to uniform the phylogenetic interpretation (ZACCARA et al., 2004; FRATINI et al., 2005) . Support for the internodes in tree was assessed by bootstrap percentages (BP; FELSENSTEIN, 1985) after 1000 resampling steps, rejecting values lower than 50.
Morphometric analyses
From 31 crayfishes collected in the Lagoscuro Brook, from 99 specimens of A. pallipes collected in the Lemme Torrent and from a total of 126 specimens of A. italicus collected in three other watercourses (Angiassi Brook in the province of Alessandria; Schizzola Torrent and Reponte Brook in Oltrepò pavese -Lombardy), the same researcher recorded 21 morphometric parameters (Table II) GRANDJEAN et al., 1997b; SINT, DALLA VIA and FÜREDER, 2004) to the nearest 0.01 mm using a digital caliper. After measurements, most crayfishes were returned to their sampling site, except few voucher specimens preserved in 70% ethanol, for future morphological studies. For the statistical analyses we excluded total length (A), regenerating claws and individuals having carapace length < 15 mm. All measurements considered were log-transformed for statistical analyses.
The sexes were analyzed separately, as an obvious sexual dimorphism is widely known for Austropotamobius spp. (MORI, MANDICH and ISOLA, 1991; GRANDJEAN et al., 1997b; STREISSL and HÖDL, 2002) .
Since linear measurements of morphological characters are strongly correlated with body size, we used as size-adjusted shape variables the set of residuals from regressions of the morphometric characters on carapace length (C) in all statistical analyses. Therefore possible statistical differences found among populations do not simply reflect body size differences (ADAMS and BEACHY, 2001 ). All regressions were strongly correlated (males: 106 < n < 129, r > 0.47; females: 110 < n < 127, r > 0.50) and highly significant (p < 0.001).
One-way ANOVA was used to select the measurements, which differ significantly among populations; only these variables were included in multivariate analyses. We assessed both morphometric variations among populations and the species and origin effects, performing multivariate analysis of variance (MANOVA) followed up using discriminant analysis (FIELD, 2000) . The classification success rate was evaluated basing on the percentage of individuals correctly classified in the original sample. Finally, in order to compare distances among groups we calculated Euclidean distances between each pair of centroids on all significant discriminant axes. Statistical differences were detected with a level of significance p < 0.05; all statistical calculations were performed in SPSS software.
RESULTS
Genetic data
The mtDNA 16S sequence alignment (456 nucleotides) showed 22 different haplotypes of A. pallipes and A. italicus (9 from the province of Alessandria) and one specimen of A. torrentium as outgroup ( Figure 2 ). The nucleotide divergence among the haplotypes examined, expressed as percentage, is reported in the Table III. In Alessandria province we can confirm the presence of A. pallipes (haplotypes:
LG2, LG15, LG34, LG19, LEM1B) and A. italicus (haplotypes: SB, LG20, GAM2B, LAV2B). Average of genetic variation (calculated as p distance = number of substitution / total number of nucleotides examined expressed in percentage) between the two species sampling is 3.5 ± 0.32%.
The SB haplotype, which could be ascribed to the taxon Austropotamobius italicus carinthiacus, seems widespread in 80% of the watercourses of the province. In Visone River we found a population with two different haplotypes (LAV2B, GAM2B), which form part of the subclade 3 relative to the ssp. Austropotamobius italicus meridionalis.
The haplotypes LG2, LG15, LG34, LG19, LEM1B which form part of clade B (Austropotamobius pallipes) characterise only four populations from watercourses sited in the southern part of the province close to the Ligurian Apennine. In two of the last ones (Lagoscuro and Mulino Brooks) we found syntopy between A. pallipes and A. italicus.
Syntopic populations
The genetic identification of all 47 crayfishes collected in the three stretches of the Lagoscuro Brook shows the dominance (64.3%) of italicus in the terminal stretch (A) and the sudden inversion of abundance ratio in favour of pallipes in the other two stretches (80% in B and 83.3% in C) (Figure 3 ).
The average of nucleotidic divergence between A. pallipes and A. italicus was found to be 3.9%, thus showing a clear separation between the two species. The two haplotypes, belonging to A. italicus carinthiacus (SB, LG20) and found within the population, present a minimum difference of one deletion. We could highlight four different haplotypes of A. pallipes; LG15, LG34, LG2 are present with similar frequencies and minimum differences of one or more deletion; LG19 (6.25% of the whole "pallipes sample") is spaced out from the preceding ones for 0.22%. 
Morphometric data
We analyzed a sample of 256 individuals. Species, sexes, origin and mean total lengths (A) as reported in Table IV. The one-way ANOVA results show the absence of significant differences between the populations (by origin and by species) in males for the parameters S, X and Z (= cephalotorax window width, branchio-cardiac groove length and telson length) and in females for X and B (branchio-cardiac groove length and cephalotorax length); therefore they are excluded from subsequent analyses. All the other variables have highly significant differences ( Table V) .
The multivariate analysis of variance (MANOVA) in both sexes shows morphometric features significantly different according to their origins, but it does not give any possibility of discriminating pallipes from italicus crayfishes collected in the Lagoscuro Brook, for some morphometric features (Table VI) .
The difference as regards the origin, the only significant effect from MANOVA, is also confirmed by the discriminant analysis, which gives very high reclassification percentages for both sexes; the individuals, on average, were correctly reclassified in 94.3% and 94.5% of cases in males and in females, respectively. Also for the Lagoscuro Brook the percentages of correctly reclassified cases reach 83.3% in males and 93.8% in females (Table VII) . All the four discriminant functions give a significant contribution to group separation. For males, the first two discriminant functions explain conjointly the 71.9% of the total variance; the morphometric characters mainly loadings on these functions are I, P and Y (claw width, rostrum width and abdominal length). Instead, for females, the first discriminant function explains by itself the 69.5% of the total variance; E, G, I (claw variables) and P (rostrum width) have largest absolute correlation with the function. An overview of the results is provided in Table VIII .
The dispersal graphs (Figure 4) show how the groups are well separated and how it is possible to identify some morphometric elements as typical of the populations according to their origin. In particular, the males from the Angiassi, Lagoscuro, Schizzola and Reponte Brooks tend to develop wider claws and longer abdomen than those from Lemme Torrent, which, on the contrary, can be distinguished for the narrower rostrum basis. In the females the same differences are obvious as regards all the characters of the claws.
In order to compare distances among groups, a Euclidean distances matrix was created (Table IX) between each pair of centroids calculated from the coordinates of the centroids on discriminant axes, which resulted, to be significant, for both sexes.
These morphometric distances show how both the males and the females from Lagoscuro Brook are closer to those from Angiassi and farther from the Reponte males and females.
DISCUSSION
The Alessandria province is confirmed as a contact zone with the presence of the two species A. pallipes and A. italicus, as already proposed by NASCETTI et al. (1997) , using allozymes and, more recently, using mtDNA 16S gene (ZACCARA et al., 2004; FRATINI et al., 2005) . The mean nucleotidic divergence (3.5 ± 0.32%) shows a sharp separation between the two species in agreement with previous Austropotamobius phylogeny study (GRANDJEAN et al., 2000) where the two species appear separated from a range of variability comprised between 3.5-6.5%. In almost all the watercourses A. italicus carinthiacus (haplotype SB) is present, while in the south portion we can find some brooks with A. pallipes (Lemme and S. Bartolomeo Brooks). Moreover, in the Visone Torrent we could assess the presence of A. italicus ssp. meridionalis (haplotypes LAV2B, GAM2B), whose distribution area covers only Central Southern Italy. Subsequently, historical investigations have brought us to ascribe the presence of these allochthonous haplotypes in the Alessandria territory to an introduction by man, which occurred in the 1930s' (MINISTERO DELL'AGRICOLTURA E DELLE FORESTE, 1931) . The high frequency of a single haplotype dominating in the whole province (SB, A. italicus carinthiacus), compared with the greater genetic heterogeneity of A. pallipes, could be explained by a rapid expansion of A. italicus from the Italian glacial refugia with the effect of a diffusion of genetic homogeneity (HEWITT, 1996) or by the result of a more recent bottleneck phenomenon (ZACCARA et al., 2004) .
Based on allozymatic analyses, NASCETTI et al. (1997) found an overlapping zone between A. pallipes and A. italicus in the Ligurian Apennine, where the morphological studies of FROGLIA (1978) had already stressed the existence of populations with intermediate features between the two species. The results of the genetic analyses, based here on a larger number of samples, confirm the presence of both species in, at least, two watercourses already pointed out by ZACCARA et al. (2004) . The preliminary collecting of samples from these brooks, conducted randomly, shows that the two species dwell in the same stretch of the watercourse, living in syntopy. The results of the subsequent investigations, aimed at defining the distributions of pallipes and italicus in the Lagoscuro Brook, show a kind of gradient in the abundance ratios of the two species only in the terminal tract (about 200 m) of the watercourse, while they stress a clear inversion of the presence percentages in the upstream stretches.
The scarcity of studies on similar situations makes particularly difficult the interpretation of this picture. A study conducted in France on the overlapping zone between A. pallipes and A. astacus allowed to identify a brook where the two species coexist naturally, but they do not live in syntopy (LACHAT and LAURENT, 1988) ; the different features of the habitat settle A. astacus downstream and A. pallipes upstream, with some ten metres of no man's land between them. Also in the Lagoscuro Brook Table IX Euclidean distances between each pair of centroids calculated on all discriminant axes; the distances are given above and below the diagonal for females and males, respectively. (FÜREDER and MACHINO, 1995; 1999) . In some Bavarian river systems A. astacus and A. torrentium may be found occupying the same waterbody, with very short zone of overlap (BOHL, 1988; HOLDICH, 2002) .
The simultaneous presence in the territory of Alessandria province (and in NW Po River hydrographic catchments basin) of both species and the syntopy phenomenon are of difficult interpretation without a real geographic barrier that limits a natural dispersion. Some hypotheses have been proposed in preceding studies ZACCARA et al., 2004; FRATINI et al., 2005) . This phenomenon may be due to events of human translocation (SPITZY, 1978) already at the end of the Middle Ages, when crayfish represented an important food source (ARRIGNON, 1996) ; or it could be the result of ancient patterns of penetration of A. pallipes, which could have crossed the watershed of the Ligurian Apennine in different points, after local events of plate tectonics which formed the catchment of the watercourse sources in the Apennines (CATTAUTO, CENCETTI and GREGORI, 1988) . The Alessandria province would therefore represent a natural contact zone between the two species, following the expansion of their distribution areas from the respective glacial refugia; the syntopic populations could be considered then as relict populations.
No hybridisation phenomenon between the two species has been found in syntopic populations of the same river system, but we have no information so far concerning the populations which live in the same watercourse. Even if the mean nucleotidic divergence between A. pallipes and A. italicus from Lagoscuro Brook (3.9%) expresses a clear separation between the two species, possible hybridisations cannot be assessed with the matrilineal molecular marker used in this study (mtDNA). Even morphometrical analyses do not provide reliable information on hybridisation, due to high morphological variability, as this study shows. Our preliminary attempt of interspecific reproduction experiment in the laboratory (unpublished data) suggests a probable reproductive isolation; these results, however, require further research with more numerous samples and the finding of possible natural hybrids by biparental molecular marker, i.e. the microsatellites (FETZNER and CRANDALL, 2002) .
Even if the genetic results show a sharp separation between the two species pallipes and italicus, in the Lagoscuro Brook where they coexist, from the morphometric results it was impossible to point out a character useful for the accurate specific recognition, especially in the field research. Also LÖRTSCHER et al. (1997) , in a study on populations of A. pallipes complex sampled in the five larger basins of the Alpine region, have found results conflicting between morphological and genetic analyses; the observation of different individuals with intermediate or atypical morphological characters contrasts with the finding of three well differentiated groups at genetic level.
Moreover, it is evident (MANOVA and discriminant analysis) that crayfishes from various watercourses are morphometrically different and well distinct, as already found in French populations of A. pallipes (GRANDJEAN et al., 1997a) . The morphometric characters involved in such phenotypic distinction concern, mainly, claws and rostrum basis, in both sexes. When intraspecific comparisons on A. astacus, A. leptodactylus e P. leniusculus are concerned, the shape of claw seems to be more discriminating character compared to shape of rostrum (AGERBERG, 1988) .
Furthermore the matrix of morphometrical distances confirms that there is no greater difference for pallipes from Lemme Torrent than for italicus from the other sites. The restricted sampling area which we investigated in the present study, does not allow us to find biogeographical explanations, but the results obtained seem however to indicate a dominating role of the environmental features peculiar for each watercourse, in comparison with the genetic position of the populations taken into consideration.
